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The crystallographic symmetries and spatial distribution of stacking domains in graphene films on 6H-
SiC�0001� have been studied by low-energy electron diffraction and dark-field imaging in a low-energy elec-
tron microscope. We find that the graphene diffraction spots from two and three atomic layers of graphene have
three-fold symmetry consistent with AB �Bernal or rhombohedral� stacking of the layers. On the contrary,
graphene diffraction spots from the buffer layer and monolayer graphene have apparent six-fold symmetry,
although the three-fold nature of the satellite spots indicates a more complex periodicity in the graphene sheets.
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The past few years have witnessed a growing need to
identify new methods for the synthesis of graphene films for
both basic research and industrial applications. Of all the
methods explored so far, substrate growth methods seem the
most promising due to the ease and reliability of growth of
large-scale films.1–3 However, the presence of a substrate can
often impose nonbulklike structures on overlayer films that
alter their properties; one well-known example is the case of
thin magnetic films.4 In graphene, the choice of substrate can
have a major impact on the properties of the film as well. For
example, substrates that break the A-B sublattice symmetry
�or equivalently the six-fold rotational symmetry� of
graphene, such as hexagonal boron nitride or AB-stacked bi-
layer graphene, result in the opening of a band gap and the
destruction of the Dirac behavior of the quasiparticles in
graphene.5–10 On the other hand, substrates where this sym-
metry is preserved, such as graphene grown on the C face of
SiC �which possesses azimuthal rotations between layers�
can retain this Dirac behavior even for multilayer films.3,11–13

Therefore, understanding how graphene grows on top of a
substrate is fundamental to engineering new graphene sheets
with controlled properties. Here we will focus on epitaxial
graphene grown on SiC�0001�, one of the most studied
graphene systems because of its potential for industrial ap-
plication due to the presence of a band gap in measured as
well as calculated spectra.9,10 The mechanism behind this
gap opening is still under debate, so understanding the pre-
cise structure of the graphene/buffer layer system remains an
important issue.14,15

One way to answer questions about the structure of epi-
taxial graphene might be through low-energy electron dif-
fraction �LEED�, which is a more direct probe of the crystal
symmetry than scanning tunneling microscope14–16 provided
that the diffraction can be performed with a spatial resolution
that is smaller than the structural domains of the crystal. For
example, LEED from a single Ru�0001� terrace has the
three-fold symmetry of the hcp layer stacking, while LEED
from a region containing multiple terraces has an averaged
six-fold symmetry.17 Similar measurements can be per-
formed with greater spatial resolution by using dark-field
low-energy electron microscopy �LEEM� imaging. Dark-
field LEEM images are real-space images derived from
higher order diffraction spots. This differs from bright-field

LEEM, where the images are obtained from the specularly
reflected beam, the �0,0� diffraction spot. Thus, dark-field
LEEM can be viewed as a tool comparable to LEED, where
the dark-field LEEM image is a map of the intensity of a
single LEED spot as a function of sample position. Combin-
ing several such images obtained on inequivalent diffraction
spots, one can determine direct evidence of asymmetries in
the LEED diffraction peaks as a function of position in the
LEEM image.

Here we characterize the crystallographic structure of
graphene/SiC films and the spatial distribution of stacking
domains by high-resolution dark-field LEEM imaging. We
find that the six-fold symmetry is broken for the 1�1 SiC
LEED spots, and for the 1�1 graphite LEED spots of
multilayer ��2 graphene layers in addition to the buffer
layer� graphene. On the contrary, the apparent six-fold sym-
metry of the graphite LEED spots is preserved in the buffer
layer and single-layer graphene, showing that the stacking
between these two layers differs from that of bilayer
graphene. Interestingly, we also observe that the 6�6 satel-
lite spots possess three-fold symmetry for every measured
film thickness. These measurements of diffraction symmetry
help us to understand the properties of epitaxial graphene
films.

Two atomically thin graphene samples of different thick-
nesses have been epitaxially grown on 6H-SiC�0001� by
thermal decomposition in UHV.18 The first graphitic layer
that forms is a carbon-rich “buffer layer,”19 which has the
same � bands as graphene but the conical dispersion of the
graphene � bands is absent.12,20 The second graphitic layer is
single-layer graphene, with a band gap at the Dirac point due
to the graphene substrate interaction.9 LEEM measurements
were performed at the National Center for Electron Micros-
copy at the Lawrence Berkeley National Laboratory to moni-
tor and characterize the in situ growth.21–23 Bright-field im-
ages show that sample 1 is mostly buffer layer with
monolayer graphene present and that sample 2 is two mono-
layers of graphene on average, with single- and triple-layer
graphene present as well. To study the crystallographic struc-
ture of these samples, dark-field LEEM and LEED were per-
formed at Sandia National Laboratory at room temperature
after transfer in air and outgassing to 1000C.

Figure 1�a� shows a typical LEED pattern24 with single-
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layer graphene and buffer layer exposed. Due to the mis-
match between the graphene and the SiC lattices, there is a
�6��3��6��3��R30° unit cell. This unit cell appears in the
diffraction pattern as bright 6�6 satellite spots around the
specular beam and the first-order diffraction spots that corre-
spond to the graphite and SiC lattice periodicities.

Figure 2 shows dark-field LEEM images from SiC LEED
spots. The bright-field image, obtained from the �0,0� diffrac-
tion spot �central orange circle in Fig. 1�, is shown in Fig.
2�a� and provides an accurate determination of the sample
thickness by monitoring the intensity contrast as a function
of electron energy �Refs. 21–23�. The dark-field images from
two SiC LEED spots �spots “A” and “B” in Fig. 1� are
shown in Figs. 2�b� and 2�c�. The direct comparison between
the two dark-field images clearly shows that there are regions
of the sample where the intensity is reversed from one LEED
spot to the next �compare, e.g., the regions outlined in panels
b and c�. Such intensity change is more obvious when plot-
ting the intensity difference �Fig. 2�d�� as an “asymmetry

contrast image,” obtained by subtracting panel �b� from
panel �c�. This intensity contrast is a direct measure of the
asymmetry between two LEED spots. Regions that look
black or white in panel �d� represent the areas of larger
asymmetry, while gray in panel �d� corresponds to the re-
gions of almost zero asymmetry. This asymmetry reflects a
three-fold rather than six-fold diffraction symmetry, likely
due to the three-fold symmetry of the SiC surface stacking. A
stepped and terraced 6H SiC�0001� surface has, on average,
six-fold crystallographic symmetry, but a single atomic ter-
race on the SiC surface has three-fold symmetry. The sym-
metry relationship between adjacent terraces separated by a
step can be understood by considering the stacking sequence
of layers perpendicular to the surface in 6H SiC—ABCACB.
Consider two terraces separated by a three-layer step. If one
terrace has AB termination, the other has AC termination.
Since the AB stacking is 60° rotated from AC stacking, the
diffraction patterns from the two terraces are also 60° ro-
tated. This is why anywhere in panel �a� that has buffer layer
is either black or white in panel �d�. In contrast, the intensity
of diffraction from the single-layer graphene into the SiC
LEED spots is significantly lower, which limits our ability to
determine the symmetry; this is likely why monolayer
graphene in panel �d� is gray. A summary of these results is
given in Table I.

Figure 3 presents the diffraction asymmetry from the
graphite spots for monolayer and multilayer graphene from
two samples. The data show that the apparent six-fold sym-
metry is preserved only for the buffer layer and monolayer
graphene, while it is clearly broken for multilayer graphene
��2 graphene layers plus buffer layer�. The local film thick-
ness is determined from the bright-field images of panels �a�
and �b�. In the case of buffer layer �panel c� and monolayer
graphene �panel c and d� we do not observe contrast in the
asymmetry image for any electron energy studied, despite
the presence of a strong signal. We note that, in comparison
to panel �d�, there are some regions of faint contrast in panel
�c�, but these artifacts are at the boundaries of domains and
result from imperfections in the image subtraction process.
This lack of contrast indicates that monolayer graphene
maintains a six-fold diffraction pattern. The lack of three-
fold symmetry is surprising since one might expect the
monolayer graphene to be Bernal �or rhombohedrally�
stacked above the buffer layer, as predicted by theoretical
calculations.10 There is more than one possible explanation
for this result. First, graphene may still be Bernal stacked
above the buffer layer if the buffer layer domain size �lateral
extent� is smaller than the resolution of the LEEM �approxi-
mately 10 nm�. If the domains are small, the average stack-

TABLE I. Summary of diffraction symmetries.

Type of
diffraction
spot

Graphene thickness

Buffer Layer One-Layer Two-Layer Three-Layer

SiC Three-fold

Graphene Six-fold Six-fold Three-fold Three-fold

Satellite Three-fold Three-fold Three-fold Three-foldFIG. 1. �Color online� �a� A LEED image �43 eV� of an epitaxi-
ally grown graphene sample. The region of intensity to the left of
center is due to secondary electrons. �b� A cartoon of the LEED
image in �a� that shows the relevant sets of diffraction spots more
clearly. In both panels, two SiC spots are marked with stars, two
graphite spots are marked with triangles, two 6�6 spots are
marked with squares, and the �0,0� spot is marked with a circle.

FIG. 2. �Color online� 2�2 �m LEEM images, taken at the
same place on sample 1. �a� A bright-field image �3.7 eV� where the
buffer layer is light gray and single-layer graphene is medium gray.
�b� Dark-field image �53.0 eV� for the SiC LEED spot labeled “A”
in Fig. 1. �c� Dark-field image �also 53.0 eV� for the SiC LEED spot
labeled “B” in Fig. 1. �d� Dark-field contrast between the two 53.0
eV SiC LEED spots shown; panel �d� is a subtraction of panel �c�
from panel �b�. In panel �d�, positive and negative contrast are given
by the black and white regions of the image, and regions of zero
contrast are gray. �e� Cartoon illustrating two ways to stack one
layer above another in a closest-packed configuration; AB stacking
differs from AC stacking by a 60° rotation.
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ing �e.g., AB plus AC� could appear to be six-fold symmetric.
Second, graphene may not be Bernal stacked above the
buffer layer. For example, it would be six-fold symmetric if
the carbon atoms of the first graphene monolayer were posi-
tioned directly above the carbon atoms of the buffer layer
�AA stacking�.

On the contrary, within each two- and three-layer region
in panel 3�d�, the asymmetry contrast image reveals regions
of black and white contrast suggesting the presence of three-
fold symmetry in these regions. Bilayer films that are nearly
AA stacked, such as proposed in Ref. 25, are not apparent
here since they would possess a six-fold diffraction pattern
and appear gray in panel �d�. They would also be distinguish-
able from monolayer graphene by the presence of two
minima in the bright-field reflectivity.21,22 The black and
white regions observed in panel �d� correspond to stacking
domains with sizes on the order of 100 nm for our samples,
and are smaller than the domains of uniform thickness seen
in the bright-field images �Figs. 3�a� and 3�b��. Where the
stacking domains impinge, a linear defect �domain bound-
ary� occurs as in panel �e�. Since the boundary between a
black and white region in panel �d� corresponds to a disrup-
tion in one or more of the graphene planes, these domains
likely play an important role in the transport properties of
bilayer and multilayer graphene films. Thus, the dark-field
imaging reveals that stacking domains and their associated
domain boundaries occur within regions of otherwise uni-
formly thick graphene. These defects are in addition to those
defects that result from changes in graphene thickness, and
illustrate the complexity that can occur in graphene synthe-
sized from thermally decomposing SiC. Our finding of three-
fold domains in bilayer graphene agree with the recent re-
sults of Hibino et al.26

Figure 4 shows the diffraction asymmetry from the 6�6
satellite spots, which result from electrons that interact with
the SiC lattice and overlayers through multiple diffraction.27

These satellite spots also possess three-fold symmetry �a
summary of diffraction symmetries is given in Table I�. In
the asymmetry contrast image of panel �c�, the buffer layer
has shades of light and dark gray, and the single-layer
graphene has regions of black and white. Comparing panel
4�c� to Fig. 2�d� �the same region of the sample�, the regions
of asymmetry in the buffer layer are the same for both the
satellite spots and the SiC spots. LEED from one-layer
graphene on a single Ru�0001� terrace28 is also three-fold
symmetric, as are some patterns from graphene on SiC,29

likely because the substrate terraces were of similar size to
the micro-LEED beamspot.

Superstructure in the graphene overlayers could also con-
tribute to Figs. 4�c� and 4�d�. For example, the rippling of the
thin graphene overlayers has been indicated theoretically10

and experimentally,14 and is believed to be responsible for
variations in the size of the monolayer graphene band gap.30

In conclusion, we have studied the crystallographic struc-
ture of epitaxial graphene. We find that there is a fundamen-
tal difference in the stacking of the buffer layer, monolayer
and bilayer graphene on top of the SiC substrate. We show
that the structure of the buffer layer is more complex than
previously expected, and that dark-field LEEM provides a
method to directly characterize the domain sizes of bilayer
graphene and to extract information about the structure of the
SiC interface beneath few-monolayer graphene films. We an-
ticipate that the ability to image these crystal symmetries will

FIG. 3. �Color online� 2 �m�2 �m LEEM images. �a,b�
Bright-field images of two different samples. The gray scale of �a�
is different from �b�; �a� was taken at 3.7 eV, where the buffer layer
is light gray, and single-layer graphene is medium gray. �b� was
taken at 5.4 eV, where single-layer graphene is light gray or white
�rippled looking�, bilayer graphene is medium gray, and three-layer
graphene is black. The buffer layer would be a bright white. �c,d�
Dark-field contrast images from two graphite LEED spots �labeled
“C” and “D” in Fig. 1�, taken at 49.2 and 55.7 eV, respectively.
Positive and negative contrasts are given by the black and white
regions of the image, and regions of zero contrast are gray. Outlines
�red �darker gray� for monolayer graphene, green �lighter gray� for
bilayer� are drawn to help the comparison. �e� Cartoon that shows
the two types of stacking domains in panel �d�.

FIG. 4. �Color online� 2�2 �m LEEM images. �a� and �b�
Bright-field images of two samples �the same images as panels �a�
and �b� of Fig. 3�. �a� was taken at 3.7 eV, where the buffer layer is
light gray, and single-layer graphene is medium gray. In �b�, taken
at 5.4 eV, single-layer graphene is light gray or white �rippled look-
ing�, bilayer graphene is medium gray, and three-layer graphene is
black. �c� and �d� Dark-field contrast of two 6�6 LEED spots
�labeled “E” and “F” in Fig. 1�, taken at 39.6 and 14.5 eV, respec-
tively. Positive and negative contrasts are given by the black and
white regions of the image, and regions of zero contrast are gray.
Outlines �red �darker� for monolayer graphene, green �lighter� for
bilayer� are drawn to help the comparison.
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continue to enhance our understanding of the properties of
thin graphene films on various substrates in the future.
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